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[1] We have developed a coupled ocean-atmosphere general circulation model, the GENESIS-MOM model,
with the ability to transport and fractionate water isotopes in the ocean and atmosphere. The model is used to
predict modern and Cretaceous precipitation and seawater d18O. The model reproduces the large-scale modern-
day isotopic distribution. In the zonal mean, the difference between simulated and observed seawater d18O is
within 0.2% in the low and middle latitudes and within 1% at high latitudes. In comparison to modern,
simulated Cretaceous surface seawater d18O is systematically depleted by 0.3% at low and middle latitudes.
These differences are attributed to equilibrium fractionation during surface evaporation at low latitudes and an
increased partitioning of 18O from the surface into the deep ocean due to intermediate and deep water formation
in subtropical basins in the Cretaceous. We also find that regional seawater d18O is significantly influenced by
the paleobathymetry and the resolution of oceanic gateways, boundary conditions that are not well known for
the past. Our simulation of Cretaceous seawater d18O has major implications for oxygen isotope
paleothermometry. We conclude that conventional assumptions of past seawater d18O may lead to an
overestimate of Cretaceous sea-surface temperatures, especially at middle and high latitudes.
Citation: Zhou, J., C. J. Poulsen, D. Pollard, and T. S. White (2008), Simulation of modern and middle Cretaceous marine d18O with
an ocean-atmosphere general circulation model, Paleoceanography, 23, PA3223, doi:10.1029/2008PA001596.
1. Introduction
[2] The middle Cretaceous (Albian-Turonian) is consid-
ered one of the warmest periods in Earth history. This
inference is supported by sedimentological evidence of
ice-free polar regions [Jenkyns et al., 2004; Moriya et al.,
2007; Price, 1999] and paleofloral and faunal evidence of
tropical species at high latitudes [Huber, 1998; Nathorst,
1911; Spicer and Parrish, 1986; Tarduno et al., 1998], and
leaf margin analyses of fossil leaves [Parrish and Spicer,
1988; Herman and Spicer, 1996]. The most direct evidence
for warm conditions comes from oxygen isotope paleother-
mometry, which provides a quantitative estimate of past
seawater temperatures. Recent estimates of past seawater
temperatures using oxygen isotope paleothermometry are as
high as 33–39C at low latitudes to > 14C at high latitudes
[Huber et al., 1995; Norris et al., 2002; Wilson et al., 2002;
Bice et al., 2006; Pucéat et al., 2007]. However, these
oxygen isotope temperature estimates are dependent on
assumptions about the mean isotopic composition of
Cretaceous seawater.
[3] The oxygen isotope paleothermometer works because
natural fractionation processes in seawater are temperature-
dependent. Because of an equilibrium effect, water mole-
cules with 16O are preferentially evaporated from seawater
to produce vapor. Importantly, the equilibriuim fractionation
factor decreases with increasing seawater temperature,
causing the seawater isotopic composition to become
enriched in 16O and depleted in 18O. The ambient isotopic
composition of past seawater is ultimately sampled and
preserved through precipitation of marine carbonates, e.g.,
shells of foraminifera or fish teeth. Though the isotopic
composition of marine carbonates (d18Oc) is often offset
from seawater because of biotic effects during carbonate
precipitation, laboratory and field experiments have estab-
lished that the relative isotopic abundance in many species
is preserved [e.g., Shackleton, 1974; Erez and Luz, 1983;
Kolodny et al., 1983; Bemis et al., 1998].
[4] In addition to d18Oc, the mean isotopic composition of
seawater d18Ow must be known to calculate paleotemper-
ature. d18Ow is known for the modern and Holocene and
varies regionally [Zachos et al., 1994]. The d18Ow of earlier
periods is not known and is an important source of uncer-
tainty in reconstructing paleotemperature. Cretaceous pale-
otemperatures have conventionally been estimated using a
global mean d18Ow of 1.0% (SMOW) reflecting the
absence of continental ice sheets during this time [Shackleton
and Kennett, 1975], even though it is highly improbable that
d18Ow was uniform across the Cretaceous oceans. Using a
uniform d18Ow yields paleotemperature estimates that are
lower at low latitudes and higher at high latitudes than
estimates made using a latitudinally varying d18Ow [Poulsen
et al., 1999b]. Because a uniform d18Ow was unlikely,
Cretaceous paleotemperatures are frequently estimated
using both global mean Cretaceous seawater and modern
local d18Ow corrected by 1.0% [e.g., Norris et al., 2002;
Wilson et al., 2002; Pucéat et al., 2007]. However, it is not
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clear that using modern corrected d18Ow is justified, or an
improvement over global mean d18Ow.
[5] To test these assumptions, we have recently developed
a coupled ocean-atmosphere general circulation model
(GCM) with the capability to transport and fractionate water
isotopes in the oceans and atmosphere. This model repre-
sents a significant advance over previous climate modeling
studies of Cretaceous water isotopes [e.g., Roche et al.,
2006; Poulsen et al., 2007b]. Here, we describe and discuss
our simulations of modern and Cretaceous seawater and
precipitation d18O, and their comparison with modern
measured d18O. Our results show that the distribution of
Cretaceous surface d18Ow is largely similar to that of the
modern. Significant differences occur in the low latitudes,
where Cretaceous surface d18Ow is slightly lower, and the
Arctic Ocean. The physical (nonisotopic) oceanographic
results of our simulations and the isotopic comparison with
Cretaceous proxies will be the focus of a subsequent paper.
2. Methods
[6] The experiments presented here were developed using
the GENESIS version 3.0 Earth system model coupled to
the MOM2 oceanic GCM. GENESIS is composed of an
atmospheric GCM coupled to multilayer models of vegeta-
tion, soil and land ice, and snow [Thompson and Pollard,
1997]. In comparison to GENESIS version 2.3, the solar
and infrared radiation scheme has been replaced with that
used in NCAR’s CCM3 [Kiehl et al., 1998]. Our version of
GENESIS also includes water isotopic transport and frac-
tionation in the atmospheric physics [Mathieu et al., 2002].
Building on previous isotopic GCM development by Jouzel
et al. [1994] and Joussaume and Jouzel [1993], the O18/O16
and D/H ratios are predicted in atmospheric vapor, liquid,
ice, and soil water reservoirs. Fractionation is modeled as a
result of condensation and evaporation in the free atmo-
sphere and from surface waters. Atmospheric ratios are
transported using the same Lagrangian transport as for bulk
vapor and clouds. GENESIS-MOM does not currently
include a river routing scheme, and continental river runoff
is globally averaged and uniformly spread over the world
ocean. Such an approximation is appropriate for the Creta-
ceous where major river drainage basins are not known in
detail, and makes the modern simulations consistent with
the Cretaceous regarding runoff.
[7] We have previously used GENESIS with isotope
capabilities to predict water isotopes in atmospheric vapor
[Poulsen et al., 2007a, 2007b]. In this study, we add the
ability to calculate isotope transport through the ocean
by coupling GENESIS to MOM2, a three-dimensional,
z-coordinate ocean GCM with passive tracer capabilities
[Pacanowski, 1995]. MOM2 has a horizontal grid spacing
of approximately 3.75, and 20 vertical levels. To ensure
conservation of energy and mass, the horizontal grid has
been adjusted with a cosine-weighted distortion in order to
match the T31 spectral grid used in GENESIS. In our
implementation of MOM2, we use an isopycnal mixing
scheme [Redi, 1982]. Coefficients of horizontal viscosity and
diffusion are 2  109 cm2 s1 and 0.5  107 cm2 s1;
coefficients of vertical viscosity and diffusion are 1.0 cm2 s1
and 0.2 cm2 s1. MOM2 also includes a full convection
scheme [Marotzke, 1991; Rahmstorf, 1993], which removes
buoyancy instabilities within a water column. Water iso-
topes are advected, diffused and convectively mixed as
passive tracers within the ocean.
[8] Sea-surface isotopic fluxes due to hydrological pro-
cesses, including precipitation/evaporation, river runoff, and
sea ice formation/melt, are calculated in GENESIS and then
passed to MOM2. As documented by Mathieu et al. [2002],
sea ice is treated as a two-layer isotopic reservoir. In the
lower layer, the isotopic content of sea ice is estimated from
the isotopic composition of seawater with the appropriate
isotopic fractionation. The accumulation of snow on sea ice
is tracked in the upper layer. Rain on sea ice is treated as
runoff. Surface isotopic fluxes from continental runoff are
implicitly estimated to maintain the all-ocean mean isotopic
content; this treatment is fully consistent with the global
runoff treatment described above.
[9] The GENESIS and MOM models can be fully
coupled, exchanging heat, moisture, and momentum
fluxes every 6 h. However, in order to make long
integrations (>5000 years), we have developed an alter-
nating synchronous-asynchronous coupling technique that
works as follows:
[10] 1. Fully coupled synchronous segments of 35 years
are run, with atmospheric-ocean exchanges performed at
each OGCM time step of 6 h. During the last 10 years of
each segment, monthly mean near-surface meteorology (air
temperature, humidity, winds, downward solar and infrared
radiative fluxes, precipitation, and the isotopic fractionation
of precipitation and evaporation) were stored as 10-year
averages.
[11] 2. Following each synchronous segment, the saved
fluxes are then used to drive the OGCM alone through the
next asynchronous segment of 500–2000 years, with ocean
surface fluxes calculated by the AGCM’s (LSX) boundary
layer routine using the previously saved atmospheric con-
ditions and the current OGCM sea-surface temperatures.
(Sea ice is considered part of the AGCM, and where sea ice
exists in the synchronous segments, all saved ‘‘surface
meteorological’’ quantities are those at the sea ice base.)
[12] 3. A final 35 year fully coupled synchronous segment
is completed to produce data for analyses. This synchro-
nous-asynchronous scheme has already been applied to
approach equilibrium in previous work [e.g., Kim et al.,
2003; Voss and Sausen, 1996].
[13] Modern and Cretaceous simulations were integrated
through at least 4 asynchronous-asynchronous segments,
representing integration durations of more than 6000 years.
After these long integrations, the ocean is very close to
equilibrium. Global average temperature trends are 0.15C/ka
and 0.05C/ka for Cretaceous and modern experiments,
respectively. In the upper ocean (top 25 m), seawater tem-
perature trends are 0.08C/ka and 0.01C/ka, respectively. In
addition, d18O is well conserved in all experiments. Global
average ocean d18O is 1.0 and 0.0% (SMOW) for the
Cretaceous and modern experiments, identical to the initial
values of 1.0 and 0.0% (SMOW).
[14] Four climate-isotope experiments were completed in
this study (Table 1). Two modern experiments were com-
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pleted with modern geography, ocean bathymetry and
atmospheric pCO2. The modern experiments differ only in
their resolution of the Bering Strait. On the T31 grid, the
Bering Strait is too narrow to be fully resolved. As a result,
in the first experiment (MOD), the Bering Strait is not
represented; that is, there is no ocean connection between
the North Pacific and Arctic Oceans. To evaluate the
influence of this ocean connection on high-latitude seawater
d18Ow, a second experiment (MOD-Bering) was conducted
in which the bathymetry has been modified to include a
Bering Strait connecting the North Pacific and Arctic
Oceans. Though the model representation of the strait is
narrow (3 grid cells in width), it nonetheless exaggerates the
width of the modern strait.
[15] Two Cretaceous experiments were also completed
with Cretaceous geography and topography representing
Cenomanian lowstand conditions (as in the work by Poulsen
et al. [2007b]). Middle Cretaceous atmospheric pCO2 likely
ranged between 2 and 14x preindustrial levels [Bice et al.,
2006]; in this study we used a median Cretaceous pCO2
value of 2240 ppmv, 8x preindustrial levels. In the first
Cretaceous experiment (K-Flat), the ocean bathymetry is
uniformly 5600 m. In the second Cretaceous experiment
(K-Bathy), we included Cretaceous paleobathymetry based
on reconstructions from the PALEOMAP project (http://
www.scotese.com/). Ocean d18Ow was initialized to 0.0% in
the modern experiments and 1.0% (SMOW) in the
Cretaceous experiments to reflect the absence of major ice
sheets at that time [Shackleton and Kennett, 1975]. How-
ever, unless otherwise noted, we refer to and show ‘‘cor-
rected’’ d18O, which is the simulated Cretaceous d18O plus
1.0% (SMOW) to compensate for differences between
modern and Cretaceous mean seawater d18Ow, to facilitate
comparison with the modern experiments. All analyses were
made with the last 10 years of climate data from the final
35 year coupled iteration.
3. Results
3.1. Simulation of Modern d18O
[16] GENESIS has previously been shown to simulate the
large-scale modern surface d18O distribution including east-
west gradients due to continental and altitudinal effects,
seasonal variations, and the zonal profile except over
Antarctica [Mathieu et al., 2002]. Because our coupling of
GENESIS 3.0 with MOM2 is a major revision, in this
section we compare our simulated isotope composition of
precipitation (d18Op) and surface seawater (d
18Ow) with
modern observational data sets from Rozanski et al.
[1993] and LeGrande and Schmidt [2006], which was based
on the Schmidt et al. [1999] online database of d18Ow and
salinity measurements.
[17] In the zonal mean, modeled precipitation d18Op
agrees well with IAEA/WMO data [Rozanski et al.,
1993] where data coverage is relatively dense. As shown
in Figure 1, the 2s uncertainty of zonally averaged d18Op
encloses nearly all the observed data. Since observational
data is sparse or nonexistent in southern high latitudes, it is
impossible to evaluate the model’s performance in this
region.
[18] The annual average surface seawater d18Ow captures
most large-scale features in the LeGrande and Schmidt
[2006] data set (compare Figures 2a and 2b). The model













MOD modern geography and bathymetry but with no Bering Strait 355 18.4 3.0 7.1 0
MOD-Bering modern geography and bathymetry with Bering Strait resolved 355 18.2 3.0 7.1 0
K-Flat Cenomanian geography and topography; ocean bathymetry is
uniformly 5600 m
2240 23.0 3.5 6.1 1.0
K-Bathy Cenomanian geography and topography; ocean bathymetry is
based on PALEOMAP project reconstructionb
2240 23.0 3.5 6.2 1.0
aThe d18O of Cretaceous seawater is ‘‘uncorrected’’ in this table. As noted in section 2 and the captions of Figures 5–9, a ‘‘corrected’’ Cretaceous d18O is
generally used throughout this manuscript to facilitate comparisons between modern and Cretaceous d18O. The ‘‘corrected’’ Cretaceous d18O is the
simulated Cretaceous d18O plus 1.0% (SMOW).
bOcean bathymetry of K-Bathy experiment is based on reconstructions from the PALEOMAP project (http://www.scotese.com/).
Figure 1. Mean annual zonal average d18Op (SMOW) of
precipitation predicted in our MOD experiment and from
IAEA/WMO data [Rozanski et al., 1993]. The shaded area
is 2s confidence interval of simulated zonally averaged
d18Op.
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predicts enriched surface seawater d18Ow in the subtropical
oceans (especially in the Atlantic), and depleted surface
seawater d18Ow in the Arctic and Southern Oceans. Surface
seawater d18Ow differences between our MOD experiment
and observation are generally within 0.5% except in the
Arctic Ocean. In the zonal mean, the average surface
seawater d18Ow in MOD experiment is within 2s error
range of the averaged d18Ow from LeGrande and Schmidt
[2006] at low and middle latitudes (Figure 3a). At high
latitudes, simulated d18Ow is depleted by up to 1% in the
Southern Ocean and 11% in the Arctic Ocean. These large
differences in the Arctic are due to the absence of a Bering
Strait and connections between western and eastern Arctic
Ocean. Without these gateways, no mixing occurs between
the Arctic and Pacific Oceans. Consequently, Arctic d18Ow
is driven to low values approaching those of the high-
latitude continental runoff. In the MOD-Bering experiment,
in which the Bering Strait has been opened and widened,
the d18Ow difference between the model and observations in
the Arctic is less than 2% (Figure 3a). In the Southern
Ocean, the observed surface seawater d18Ow is derived from
empirical d18O-salinity relationships. The coefficient of
determination (R2) between d18Ow and salinity is 0.374,
suggesting the Southern Ocean surface seawater d18Ow is
not well characterized [LeGrande and Schmidt, 2006]. At
this point, it is impossible to determine whether model
Figure 2. Mean annual d18Ow (SMOW) spatial distribu-
tion of modern surface seawater (a) predicted in our MOD
experiment and (b) interpolated from global gridded
empirical data [LeGrande and Schmidt, 2006]. Continental
regions are shaded in gray.
Figure 3. Mean annual zonal average d18Ow (SMOW) of
(a) modern surface seawater and (b) modern deep water at
3000 m predicted in our MOD (medium dashed line) and
MOD-Bering (short dashed line) experiments and from
LeGrande and Schmidt [2006] (solid line). The shaded area
is the 2s confidence interval of zonally averaged d18Ow
from LeGrande and Schmidt [2006] and represents spatial
variability due to zonal heterogeneity in d18Ow. Note that
the MOD experiment has Arctic seawater d18Ow of 12%
(see discussion in text). This low value is outside of the
range shown in the figure.
PA3223 ZHOU ET AL.: MODERN, MID-CRETACEOUS SEAWATER d18O
4 of 11
PA3223
errors or observational uncertainties are chiefly responsible
for the 1% discrepancy.
[19] The simulation of deep water d18Ow also compares
well with observations. Seawater d18Ow at 3000 m is within
2s of the LeGrande and Schmidt [2006] d18Ow except in the
Arctic (Figure 3b). As described above, the differences in
the Arctic region are attributed to insufficient mixing
between the Arctic Ocean and Atlantic and Pacific Oceans.
In sum, GENESIS-MOM reproduces modern observed
seawater d18Ow in most regions where a meaningful com-
parison is possible.
3.2. Simulation of Cretaceous Climate
and Precipitation d18O
[20] As a result of higher CO2 in our Cretaceous experi-
ments, simulated surface temperature and precipitation rate
are higher than present, consistent with previous Cretaceous
simulations [e.g., Barron et al., 1989; Donnadieu et al.,
2006; Poulsen et al., 1999a, 2003, 2007b]. The global mean
annual Cretaceous sea-surface temperature is 23.0C,
approximately 4.6C higher than that in the MOD simula-
tion (Table 1 and Figure 4). The global precipitation rate is
3.5 mm/d1, about 0.5 mm/d higher than those simulated in
the MOD experiment (Table 1).
[21] Cretaceous precipitation d18Op ranges from 3.5%
in subtropical areas to 20.8% (K-Flat) and 20.4%
(K-Bathy) in the Antarctica regions (Figure 5). Cretaceous
d18Op in tropical and subtropical areas is practically iden-
tical to MOD. However, Cretaceous d18Op is up to 16% and
5% greater than MOD in the southern high latitudes and
Arctic region, respectively. Several factors are responsible
for the enrichment of Cretaceous high-latitude precipitation
including (1) reduced equilibrium fractionation due to
higher polar temperatures, (2) reduced altitudinal fraction-
ation in the Southern Hemisphere due to the absence of a
tall Antarctic ice sheet, and (to a smaller degree) (3) a source
of relatively high d18O vapor from a seasonally ice-free
Arctic Ocean.
[22] Precipitation d18Op is indistinguishable between the
K-Flat and K-Bathy experiments except at northern high
latitudes where the difference is 1.4% (Figure 5). Because
surface temperature and precipitation rate are nearly iden-
tical in these experiments, northern high-latitude precipita-
tion d18Op differences are likely due to differences in the
isotopic concentration of the Arctic Ocean, which is sea-
sonally ice-free and serves as an important regional vapor
source. In the K-Flat experiment, Arctic seawater d18Ow is
4.4% greater than in the K-Bathy experiment because of
enhanced seawater exchange between the Pacific and Arctic
basins (see below), leading to greater precipitation d18Op.
3.3. Simulation of Cretaceous Surface Seawater d18Ow
[23] The large-scale surface seawater d18Ow in the Creta-
ceous experiments is similar to the modern simulation. As in
the MOD experiment, Cretaceous d18Ow is depleted in high
latitudes and enriched in the subtropical oceans (Figures 6a
and 6b). In the zonal mean, the Cretaceous surface seawater
d18Ow distribution pattern is similar to modern in most
areas, ranging from 0.3% in the subtropical oceans to
4.2% (K-Flat) and 8.6% (K-Bathy) in the Arctic
(Figure 7). Cretaceous surface seawater d18Ow is 0.3%
lighter than modern in tropical and subtropical regions. The
d18Ow difference is even smaller at the southern middle to
Figure 4. Mean annual zonal average sea-surface tem-
perature in MOD (solid line), K-Flat (medium dashed line),
and K-Bathy (short dashed line) experiments.
Figure 5. Mean annual zonal average precipitation d18Op
(SMOW) in MOD (solid line), K-Flat (medium dashed
line), and K-Bathy (short dashed line) experiments. Note
that ‘‘corrected’’ Cretaceous d18O is shown. As described in
section 2, 1.0% (SMOW) has been added to the simulated
Cretaceous d18O to facilitate comparison with the modern
simulation.
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high latitudes, which is 0.1%. In the Arctic Ocean,
however, Cretaceous d18Ow is up to 8.1% (K-Flat) and
4.2% (K-Bathy) greater than that in the MOD experiment,
but as much as 2.6% (K-Flat) and 7.0% (K-Bathy) lower
than that in the MOD-Bering experiment. As discussed in
3.1, these differences between Cretaceous and modern
Arctic d18Ow are due primarily to ocean mixing rates
between the Arctic and Pacific Oceans. Similarly, differ-
ences in Arctic d18Ow between the Cretaceous simulations
are also attributed to differences in Arctic-Pacific mixing
rates. In the K-Flat experiment, with a deep (5600 m) paleo-
Bering Strait and greater seawater exchange between the
Pacific and Arctic, Arctic Ocean d18Ow is 4.4% higher than
in the K-Bathy experiment with a shallow (144 m) strait and
reduced seawater exchange.
3.4. Simulation of Cretaceous Subsurface Seawater
d18Ow
[24] In the most general sense, simulated Cretaceous
subsurface seawater d18Ow is similar to modern. In both
modern and Cretaceous experiments, the upper ocean
(150–1000 m) is more enriched in 18O than the lower
ocean (>1000 m), reflecting the preference for intermediate
and deep water formation at high-latitude sites with rela-
tively low d18Ow. Moreover, at depths greater than 500 m,
mean Cretaceous subsurface d18Ow is within 0.1% of
modern (Figure 8).
[25] Though generally similar, there are meaningful dif-
ferences between the modern and Cretaceous subsurface
d18Ow. In comparison to the modern, Cretaceous subsurface
d18Ow is lower in the upper ocean and higher in the deep
ocean (Figure 8). These differences result from the sites of
intermediate and deep water formation. In both Cretaceous
experiments, subtropical waters from the Tethys and proto–
South Atlantic regions contribute significantly to the overall
intermediate and deep water volumes. In the upper ocean
(Figure 9a), saline, 18O-enriched seawater originates from
the Tethys and flows through the equatorial Pacific Ocean.
This water mass is constrained to 1400 m. At greater
depths (Figure 9b), the North Pacific region provides the
primary source of 18O-enriched seawater. However, because
North Pacific surface d18Ow is relatively depleted (Figure 6a),
it cannot be the sole source of this water. Rather, warm,
saline, 18O-enriched seawater from Tethys flows into the
North Pacific, mixes with colder North Pacific water, and
sinks to form this water mass. Finally, at the greatest depths
(Figure 9c), the proto–South Atlantic is a significant source
of saline, 18O-enriched seawater. Above, we have focused on
the sources of relatively 18O-enriched seawater. However, in
both Cretaceous experiments, high-latitude regions around
Antarctica are also important sites of intermediate and deep
water formation (Figures 9b and 9c).
4. Discussion
4.1. Simulation of Cretaceous Surface Seawater d18Ow
[26] To our knowledge, this study is the first to simulate
Cretaceous seawater d18Ow using a coupled atmosphere-
Figure 6. Mean annual d18Ow (SMOW) spatial distribution
of Cretaceous surface seawater predicted for the (a) K-Flat
experiment and (b) K-Bathy experiment. Continental
regions are shaded in gray. Note that ‘‘corrected’’ Cretac-
eous d18O is shown (see caption in Figure 5).
Figure 7. Mean annual zonal average d18Ow (SMOW)
of surface seawater in MOD (solid line), MOD-Bering
(medium dashed line), K-Flat (short dashed line), and
K-Bathy (dash-dotted line) experiments. Note that
‘‘corrected’’ Cretaceous d18O is shown (see caption in
Figure 5).
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ocean GCM with isotopic capabilities. Poulsen et al.
[2007b] used an atmosphere-only model to demonstrate
that high atmospheric pCO2 causes a systematic, moderate
(<3%) increase in Cretaceous precipitation d18Op resulting
from reduced equilibrium fractionation due to higher sur-
face temperatures. Although precipitation d18Op can be
strongly influenced locally by geography and topography,
the large-scale d18Op distribution changes little because it
is controlled by the large-scale atmospheric circulation
[Poulsen et al., 2007b].
[27] Our results build on this previous study, and indicate
that global ocean circulation has a small but important
influence on the large-scale distribution of Cretaceous
seawater d18Ow. (The exception occurs in isolated basins,
such as the Arctic Ocean and proto–South Atlantic Ocean,
where the local precipitation flux can have a large influence
on d18Ow.) In our simulations, Cretaceous surface seawater
d18Ow is 0.3% less than modern at the low and middle
latitudes. This decrease in surface seawater d18Ow is mainly
due to differences in the partitioning of 18O between the
surface and the deep ocean. In the modern ocean, interme-
diate and deep water is formed primarily in high-latitude
oceans, regions with relatively depleted surface d18Ow
[Frew et al., 1995]. In the Cretaceous experiments, the
subtropical Tethys and proto–South Atlantic Oceans,
regions with relatively high surface seawater d18Ow, are
important sources of intermediate and deep waters. The
transport of these waters from the surface to depth lowers
surface d18Ow and increases subsurface d
18Ow. This process
of 18O segregation in the ocean is the ‘‘compensation
effect’’ described by Roche et al. [2006].
[28] Roche et al. [2006] report on changes in seawater
d18Ow under warm climate conditions using CLIMBER-2, a
coupled ocean-atmosphere model of intermediate complex-
ity, and reach different conclusions from those presented
here. Their model results predict an increase in low- and
Figure 8. Vertical distribution of global mean seawater
d18Ow (SMOW) in the modern and Cretaceous simulations.
Cretaceous d18Ow is less above 1000 m and greater below
1000 m than modern because of differences in the isotopic
composition of intermediate and deep water sources. Note
that ‘‘corrected’’ Cretaceous d18O is shown (see caption in
Figure 5).
Figure 9. Mean annual d18Ow (SMOW) spatial distribu-
tion of Cretaceous seawater in K-Flat experiment (a) at
depth of 778 m, (b) at depth of 2796 m, and (c) at depth of
5268 m. Continental regions are shaded in gray. The mean
annual d18Ow distribution for the K-Bathy experiment is
similar. Note that ‘‘corrected’’ Cretaceous d18O is shown
(see caption in Figure 5).
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middle-latitude surface d18Ow by up to 1%. There are two
major differences between our studies. First, Roche et al.
[2006] use a modern geography. In contrast to the modern,
the Cretaceous geography includes subtropical basins that
are not well connected to the global ocean and consequently
evolved distinct water mass properties [Poulsen et al., 2001]
including relatively enriched d18Ow. Second, in the work by
Roche et al. [2006], water vapor isotopes are not tracked
explicitly but are based on ‘‘simpler physical hypotheses.
’’Using this methodology, Roche et al. [2006] report
increased transport of d18O-depleted humidity to high
latitudes in a warmer world, leading to a decrease in high-
latitude d18Ow. High-latitude deepwater formation and the
‘‘compensation effect’’ then cause the deep ocean to become
relatively depleted in 18O and the surface ocean to become
enriched. In contrast, with water isotope tracer capabilities,
GENESIS predicts d18O-enriched vapor and precipitation at
high latitudes as a result of a reduction in equilibrium
fractionation in a warmer (high CO2) world [Poulsen et
al., 2007b].
4.2. Implications for Oxygen Isotope
Paleothermometry
[29] Oxygen isotope paleothermometry, arguably the
most valuable tool in reconstructing past climate, requires
knowledge of past seawater d18Ow. In the absence of this
information, previous studies have assumed that past sea-
water d18Ow was constant or the same as modern. Our
simulation of Cretaceous d18Ow allows us to assess these
assumptions, and their influence on paleotemperature esti-
mates. Here, we calculate and compare paleotemperature
estimates using constant (1.0% SMOW), present-day, and
simulated seawater d18Ow. The present-day d
18Ow distribu-
tion is based on a best fit to surface seawater d18Ow from
Southern Hemisphere Atlantic and Pacific Oceans and
describes d18Ow distribution the as a function of latitude
[Zachos et al., 1994]. In comparison to the LeGrande and
Schmidt [2006] data, the Zachos et al. [1994] present-day
d18Ow distribution is systematically higher, ranging from an
increase of 0.02% at30N to as much as 2.2% in the Arctic
region, and no more than 0.3% in the Southern Hemisphere.
[30] Following Roche et al. [2006], we use the tempera-
ture-d18O equation from Shackleton [1974]:
T ¼ 16:9 4:38ðd18Oc  d18OwÞ þ 0:1ðd18Oc  d18OwÞ2
ð1Þ
where d18Oc and d
18Ow denote the oxygen isotopic content
of foraminiferal calcite and seawater, respectively. To
estimate the temperature bias (DT) due to the various
assumptions about d18Ow (D (d
18Ow)), we derive the first-
order Taylor expansion of (1), which is:
DT  4:18Dðd18OwÞ ð2Þ
Expression (2) indicates that d18Ow is a significant factor in
calculating paleotemperature. Similar results would be
derived using other temperature-d18Ow relationships [Bemis
et al., 1998, Table 1].
[31] We use (2) to compare the influences of common
d18Ow assumptions and our simulated d
18Ow on paleotem-
perature estimates. (Note that here we use ‘‘uncorrected’’
Cretaceous d18Ow from our simulation, and the values from
Zachos et al. [1994] minus 1.0% to account for the absence
of Cretaceous polar ice sheets.) In comparison to paleo-
temperatures estimated using our simulated zonal average
Cretaceous d18Ow, paleotemperatures estimated using either
a uniform d18Ow (1.0%) or the Zachos et al. [1994]
present-day distribution of d18Ow generally overestimate
paleotemperatures (Figure 10). At high latitudes, this tem-
perature overestimate is substantial, ranging from 2 to
17.6C. Using the Zachos et al. [1994] present-day d18Ow
also leads to substantially higher (3C) paleotemperature
at low latitudes.
[32] The use of zonal average d18Ow is another important
source of uncertainty in calculating paleotemperature. Our
model results indicate that local d18Ow can vary by more
than 1.5% from zonal average d18Ow at high latitudes
(Figure 11), leading to isotopic paleotemperatures that differ
up to 6C according to (2). These large zonal differences in
d18Ow occur in latitudinal zones with isolated or semi-
isolated basins, including the Arctic, northern Tethys, and
northern South Atlantic oceans. In these regions where
Figure 10. Comparison of temperature estimates using
different assumptions about Cretaceous seawater d18Ow. T1
(Tuniform  TK-Flat) (solid line) denotes the temperature
difference that results from assuming a uniform global mean
surface seawater d18Ow of 1.0% (SMOW) rather than the
d18Ow predicted in K-Flat. T2 (Tpresent  TK-Flat) (dashed
line) denotes the temperature difference that results from
using present latitudinal d18Ow distribution from Zachos et
al. [1994] rather than the d18Ow from K-Flat. As discussed
in the text, we here use the ‘‘uncorrected’’ Cretaceous d18Ow
from our simulation and the Zachos et al. [1994] d18Ow
minus 1.0% (SMOW).
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seawater exchange is limited by features of the paleogeog-
raphy, the surface d18Ow is more strongly influenced by
local precipitation d18Op and deviates from open ocean
d18Ow.
[33] The simulation of the Cretaceous equator-to-pole
temperature gradient has been a long-standing problem
[Barron, 1983; Poulsen et al., 1999b; Poulsen, 2004; Bice
et al., 2003]. Proxy data, most notably d18O paleothermom-
etry, has been used to infer that the equator-to-pole temper-
ature gradient was small mainly as a result of very warm
high-latitude paleotemperatures [e.g., Huber et al., 1995]. In
contrast, climate models have traditionally simulated large
Cretaceous equator-to-pole temperature gradients. This mis-
match has typically been attributed to flaws in the climate
models stemming from, for example, the treatment of heat
transport and clouds [e.g., Barron, 1994; Sloan and Pollard,
1998; Kump and Pollard, 2008]. Here, we emphasize
another source of potential model-data mismatch, the inter-
pretation of proxy data. Our calculation of Cretaceous
seawater d18Ow substantially ameliorates the model-data
mismatch by reducing the temperature inferred from high-
latitude calcite d18Oc. We do not claim to have solved this
problem; other types of nonisotopic proxy data also suggest
that the Cretaceous high-latitude temperatures were warm,
and site specific model-data intercomparisons are still
required to fully assess the significance of the d18Ow effect
on isotopic paleotemperatures. However, we do view this as
an important step forward, one that is critical to truly
assessing the capability of models to simulate past warm
worlds.
4.3. Oceanic Gateways, Continental Runoff,
and Seawater d18Ow
[34] Our modern and Cretaceous experiments indicate
that the resolution of oceanic gateways can substantially
influence regional seawater d18Ow (Figure 7). In both
modern and Cretaceous experiments, the Bering Strait is
critical to ocean mixing and isotopic exchange between the
Pacific and Arctic Oceans. With no or weak exchange,
Arctic seawater d18Ow will tend to resemble the high-
latitude precipitation that feeds it. The implications of these
results are twofold. First, paleogeography can be a first-
order control on regional seawater d18Ow. Second, in the
absence of detailed knowledge about paleogeographic evo-
lution, oxygen isotopic records should be interpreted with
caution. Paleogeographic or eustatic changes that alter
regional circulation and seawater d18Ow could be miscon-
strued as climatic change. Isotopic proxies from semi-
isolated ocean basins would be particularly susceptible to
this influence. Similar caveats on the interpretation of
marine water isotope records have been found in other
isotopic GCM experiments for the Holocene [Schmidt et
al., 2007].
[35] Continental runoff is also potentially an important
influence on seawater d18Ow. In this study, we have uniform-
ly distributed continental runoff over the surface of the
ocean, and have not tracked runoff from specific drainage
basins into the ocean. This treatment of runoff could
influence the simulated isotopic content of seawater espe-
cially in semi-isolated basins. A river routing scheme, in
which runoff from specified drainage basins flows into the
ocean at a point source, is likely to enhance regional
isotopic differences in many basins. For example, the
seawater d18Ow of the Cretaceous Arctic Ocean, which is
relatively depleted in 18O because of net precipitation, is
likely to become further reduced with inflow of high-
latitude continental runoff. In addition to this direct effect
on seawater d18Ow, continental runoff could also alter the
distribution of 18O between the surface and deep ocean
through its influence on deep water formation. Bice et al.
[1997] have shown that the specification of continental
runoff in an ocean general circulation model can substan-
tially change the location of deep water formation.
5. Conclusions
[36] We have developed a coupled ocean-atmosphere
general circulation model that successfully simulates many
aspects of modern precipitation and seawater d18O distri-
bution. When applied to the Cretaceous, the model predicts
surface seawater d18Ow that is similar in many respects to
modern. Differences from the modern include (1) a small
decrease in low- and middle-latitude surface seawater d18Ow
due to a decrease in equilibrium fractionation, and a
‘‘compensation effect’’ caused by partitioning of the heavy
isotope in the deep ocean due to intermediate and deep
water formation in subtropical basins, and (2) large changes
in Arctic surface seawater d18Ow that are linked to differ-
ences in seawater exchange rates between the Pacific and
Arctic Oceans. The similarity between modern and Creta-
ceous zonal average surface seawater d18Ow highlights the
fact that surface d18Ow is mainly constrained by large-scale
atmospheric and oceanic circulation patterns, which change
little between the modern and Cretaceous except in regions
where paleogeography creates isolated or semi-isolated
ocean basins.
[37] Our results have important implications for oxygen
isotope paleothermometry, and indicate that conventionally
used assumptions of surface seawater d18Ow likely overes-
timate Cretaceous middle- and high-latitude temperature.
Figure 11. Mean annual d18Ow (SMOW) difference
between local and zonal average surface seawater. For each
grid cell, the d18Ow difference is obtained by subtracting the
zonal average d18Ow at that latitude from the local d
18Ow.
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Compensating for these isotopic effects by using simulated
d18Ow reduces the Cretaceous low equator-to-pole thermal
gradient problem.
[38] Acknowledgments. This study was supported by grants
(0433440 and 0310032) from the National Science Foundation’s
Atmospheric Program to C. Poulsen, D. Pollard, and T. White. We gratefully
acknowledge constructive reviews by two anonymous reviewers and Editor
E. Rohling.
References
Barron, E. J. (1983), A warm, equable Cretac-
eous: The nature of the problem, Earth Sci.
Rev., 19, 305–338.
Barron, E. J. (1994), Chill over the Cretaceous,
Nature, 370, 415, doi:10.1038/370415a0.
Barron, E. J., W. W. Hay, and S. Thompson
(1989), The hydrologic cycle: A major
variable during Earth history, Palaeogeogr.
Palaeoclimatol. Palaeoecol., 75, 157–174,
doi:10.1016/0031-0182(89)90175-2.
Bemis, B. E., H. J. Spero, J. Bijima, and D. W.
Lea (1998), Reevaluation of the oxygen isoto-
pic composition of planktonic foraminifera:
Experimental results and revised paleotem-
perature equations, Paleoceanography, 13,
150–160, doi:10.1029/98PA00070.
Bice, K. L., E. J. Barron, and W. H. Peterson
(1997), Continental runoff and early Cenozoic
bottom-water sources, Geology, 25, 951–954,
doi:10.1130/0091-7613(1997)025<0951:
CRAECB>2.3.CO;2.
Bice, K. L., B. T. Huber, and R. D. Norris
(2003), Extreme polar warmth during the Cre-
taceous greenhouse? Paradox of the late Tur-
onian d18O record at Deep Sea Drilling Project
Site 511, Paleoceanography, 18(2), 1031,
doi:10.1029/2002PA000848.
Bice, K. L., D. Birgel, P. A. Meyers, K. A. Dahl,
K. Hinrichs, and R. D. Norris (2006), A multi-
ple proxy and model study of Cretaceous
upper ocean temperatures and atmospheric
CO2 concentrations, Paleoceanography, 21,
PA2002, doi:10.1029/2005PA001203.
Donnadieu, Y., R. Pierrehumbert, R. Jacob, and
F. Fluteau (2006), Modelling the primary con-
trol of paleogeography on Cretaceous climate,
Earth Planet. Sci. Lett., 248, 426 – 437,
doi:10.1016/j.epsl.2006.06.007.
Erez, J., and B. Luz (1983), Experimental paleo-
temperature equation for planktonic foramini-
fera, Geochim. Cosmochim. Acta, 47, 1025–
1031, doi:10.1016/0016-7037(83)90232-6.
Frew, R. D., K. J. Heywood, and P. F. Dennis
(1995), Oxygen isotope study of water masses
in the Princess Elizabeth Trough, Antarctica,
Mar. Chem., 49, 141–153, doi:10.1016/0304-
4203(95)00003-A.
Herman, A. B., and R. A. Spicer (1996), Palaeobo-
tanical evidence for a warm Cretaceous Arctic
Ocean, Nature, 380, 330–333, doi:10.1038/
380330a0.
Huber, B. T. (1998), Tropical paradise at the
Cretaceous poles, Science, 282, 2199–2200,
doi:10.1126/science.282.5397.2199.
Huber, B. T., D. A. Hodell, and C. P. Hamilton
(1995), Middle –Late Cretaceous climate of
the southern high latitudes: Stable isotope evi-
dence for minimal equator-to-pole thermal gra-
dient, Geol. Soc. Am. Bull., 107, 1164–1191,
doi:10.1130/0016-7606(1995)107<1164:
MLCCOT>2.3.CO;2.
Jenkyns, H. C., A. Forster, S. Schouten, and
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